Abstract There has been considerable interest in pursuing phospholamban as a putative therapeutic target for overcoming depressed calcium handling in human heart failure. Studies predominantly done in mice have shown that phospholamban is a key regulator of sarcoplasmic reticulum calcium cycling and cardiac function. However, mice differ significantly from humans in how they regulate calcium, whereas rabbits better recapitulate human cardiac function and calcium handling. To investigate phospholamban's role in the rabbit heart, transgenic rabbits that overexpressed wild-type phospholamban in the ventricular cardiomyocytes and slow-twitch skeletal muscles were generated. Rabbits expressing high levels of phospholamban were not viable due to severe skeletal muscle wasting, the onset of cardiac pathology and early death. A viable transgenic line exhibited a 30% increase in PLN protein levels in the heart. These animals showed isolated foci of cardiac pathology, but cardiac function as well as the response to b-adrenergic stimulation were normal. SR-calcium uptake measurements showed that the transgenic hearts had the expected reduced affinity for calcium. The data show that phospholamban-overexpressing transgenic rabbits differ markedly in phenotype from analogous transgenic mice in that rabbits are quite sensitive to alterations in phospholamban levels. Exceeding a relatively narrow window of phospholamban expression results in significant morbidity and early death.
Introduction
While gain of function and loss of function approaches in mice have yielded valuable data directed at understanding the mechanisms underlying heart disease, the relevance of these data to human cardiac physiology/ pathology can, in some cases, be problematic because of the many differences that exist between the species. Compared to the mouse, the rabbit offers significant advantages as a model for cardiovascular research. The larger size and slower heart rate of the rabbit are advantageous for physiological analyses such as echocardiography and cardiac catheterization. As in human hearts, the ''slow'' b-myosin heavy chain isoform (MyHC) is the predominant heavy chain expressed in the ventricle while the mouse ventricle contains [95% a-MyHC (Swynghedauw 1986 ). This difference in myosin composition contributes to disparities in ATPase activities and force generation kinetics, which may alter the phenotype in response to other genetic alterations (Alpert et al. 2002) . The rabbit heart also exhibits molecular changes in b-adrenergic signaling similar to those observed in human heart failure (Maurice et al. 1999) . Importantly, mice and humans differ significantly in how they handle Ca 2+ during contraction/relaxation and in how they respond to alterations in Ca 2+ flux during heart failure, with the rabbit more accurately recapitulating human Ca 2+ regulation (Bers 2002a, b) . Relative to the mouse, rabbit and human cardiac muscle rely on the sarcolemmal sodium-calcium exchanger for cytosolic Ca 2+ -removal, with a lesser contribution from the sarcoplasmic reticulum (SR) Ca-ATPase (SERCA2a) (Bers 2000) .
The Ca 2+ -pump in cardiac SR is under reversible regulation by phospholamban (PLN), a 52 amino acid phosphoprotein. Dephosphorylated PLN inhibits the apparent affinity of the SERCA pump for Ca 2+ and this inhibition is reversed upon phosphorylation of PLN during b-agonist stimulation (Inui et al. 1986; MacLennan et al. 2003; Simmerman et al. 1986 ). This mechanism of PLN modulated inhibition of SERCA serves as a direct means to regulate cardiac contractility. Importantly, an inverse relationship between the relative PLN/SERCA2a ratio and cardiac SR Ca 2+ -uptake, as well as contractility, has been defined by genetically altered mouse models (Luo et al. 1996) . Based on these and related data, it has been proposed that the increases in the PLN/SERCA ratio, which occur in end-stage human heart failure, lead to depressed SR Ca 2+ handling and depressed cardiac function (Dash et al. 2001a; Hasenfuss 1998) . Inhibition of PLN activity has major effects on morbidity and mortality in a number of genetic models of heart failure (Freeman et al. 2001; Minamisawa et al. 1999; Sato et al. 2001) , leading to the hypothesis that targeting PLN inhibition will result in increased SERCA2 activity. This in turn would have a positive inotropic effect, restoring SR function and benefiting the heart failure patient (Freeman et al. 2001; Haghighi et al. 2003; Muller et al. 2003) . Because of these considerations, there has been considerable interest in exploring the potential of PLN as a therapeutic target, as SERCA activity is reduced in failing myocardium (Beuckelmann et al. 1992; Morgan 1991) .
Although much of the data justifying the use of PLN as a therapeutic target comes from the mouse, its relevance to the human remains untested and disparities in PLN-based regulation between the two species may be significant. For example, humans null for PLN develop dilated cardiomyopathy, whereas PLN ablation in mice is relatively benign, with the animals showing normal life spans and a lack of heart failure, even in old age (Haghighi et al. 2003; Hoit et al. 1995; Luo et al. 1994; Slack et al. 2001) . It is clear, however, that alterations in the levels of both SERCA and PLN can have major effects on morbidity and mortality in a number of genetic models of heart failure (Freeman et al. 2001; Minamisawa et al. 1999; Sato et al. 2001 ). These and other discrepancies highlight the importance of studying the role of PLN in a mammalian heart that is more closely related to the human.
We hypothesize that regulation of the relative PLN/SERCA2 levels is critical for maintaining proper cardiac function and increases in the PLN/SERCA2 levels will result in increased inhibition of the SERCA2 Ca 2+ -affinity and contractile function, similar to that observed in heart failure. To assess the role of PLN expression in the rabbit heart, we generated transgenic (TG) rabbits overexpressing wild-type PLN under the control of the rabbit b-MyHC promoter, which drives transgene expression in the ventricular cardiomyocytes and slow type I muscle fibers. The rabbit b-MyHC promoter was chosen because it drives ventricular transcription in the neonate-adult, mimicking endogenous b-MyHC expression, the predominant isoform in the rabbit heart (Sanbe et al. 2005) . The data show that the rabbit is surprisingly sensitive to modulation in PLN levels. Animals that expressed modest levels of PLN were not viable and only a single line of TG rabbits that showed a 30% increase in PLN levels was established. Measurements of SR Ca 2+ uptake revealed that TG hearts had reduced affinity for Ca 2+ , as was observed in the mouse models, but cardiac function was normal. The data show that the rabbit hearts have a very narrow window within which PLN activity can be manipulated.
Materials and methods

Transgenic rabbit generation and identification
Isolation of the rabbit b-MyHC promoter has been described previously (Sanbe et al. 2005) . Rabbit PLN cDNA (GenBank Accession# Y00761) was isolated by the reverse transcription-polymerase chain reaction (RT-PCR). The cDNA was subcloned into the b-MyHC promoter cassette with a human growth hormone polyadenylation signal downstream , digested free of vector sequence with NotI, purified, and used to generate TG rabbits. Fertilized oocyte injections were performed on New Zealand White rabbits, and the TG rabbits identified using polymerase chain reactions. The first reaction detected the transgene with primers directed against the b-MyHC promoter (5 0 -TCTTCCAGTAATAGGACA AGCTCAGAC-3 0 ) and PLN (5 0 -AGAATTCTTC AGAGAAGCATGACGATGATGCAG-3 0 ). The second primer set was a template control, which detected a-MyHC (5 0 -GGATCCCTGGAGCAGGAGAAGAA GGTG-3 0 and 5 0 -GATCTTGCTGTTCAGCTGACTG ATG-3 0 ) and thus served as an internal control for the PCR. Genomic DNA from tail clips was used for Southern Blots to confirm copy number, positive offspring and check that insertion occurred at a single site.
Cardiac function and b-adrenergic responsiveness Rabbits were anesthetized with ketamine and acepromazine and then maintained with 2% isoflurane via inhalation for assessment of global cardiac function by transthoracic echocardiography and cardiac catheterization as described . Following the basal echocardiogram and measurement of aortic and left ventricular pressure, responsiveness to b-adrenergic stimulation was assessed by administering increasing doses of intravenous dobutamine (Bedford Laboratories, Bedford, OH) at 10, 20, and 40 mcg/kg/min. Ten minutes after each sequential increase in dobutamine dose, both the echocardiogram and invasive pressure measurements were repeated. After the final measurement, dobutamine infusion was discontinued, the catheters removed, anesthesia discontinued and the rabbit was allowed to recover in a pre-warmed incubator. Offline echocardiogram measurements of shortening fraction, wall thickness and velocity of circumferential fiber shortening (VCFc) at baseline and at each dobutamine dose were made by an investigator blinded to genotype. Invasive hemodynamic measurements of aortic blood pressure, left ventricular systolic and end diastolic pressure and ±dP/dt were likewise recorded. After 14 days in order to allow the effects of b-adrenergic stimulation to subside, the rabbits were euthanized with pentobarbital after sedation with ketamine and xylazine. Heart and skeletal muscles were taken from 3 rabbits of each genotype and saved for histological examination. Tissues from the remaining rabbits were snap-frozen in liquid nitrogen and stored at -80°C for RNA and protein analyses.
Histology
Hearts were perfused with 50 mM KCl, 5% dextrose in 1· PBS cardiac relaxation buffer while still beating from deeply anesthetized rabbits. Upon removal, hearts were immediately dropped into Histochoice fixative (Amresco, Solon, OH), bisected longitudinally and fixed for 48 h. Skeletal muscles were bisected longitudinally or transversely and fixed as well. Tissues were processed and embedded in paraffin. Serial sections (5 lm) were taken for staining with Harris modified hematoxylin & eosin Y alcoholic solution with phloxine (Fisher Scientific, Pittsburgh, PA) or with Gomori's one-step trichome (PolyScientific, Bay Shore, NY). Stained sections were viewed with an Olympus BX60 microscope (Olympus, Center Valley, PA) and images were captured with SPOT camera and software (Diagnostic Instruments, Inc., Sterling Heights, MI).
RNA and protein analyses
Ventricular RNA was isolated using TRI Reagent (Molecular Research Center, Cincinnati, OH), according to the manufacturer's protocol and purified over RNeasy columns (Qiagen, Valencia, CA) . Northern blots confirmed PLN transcript size and probe specificity. Expression levels of PLN, SERCA2, and GAPDH were determined thereafter by RNA dot blot with c 32 P-labeled probes. For protein analysis, ventricular free wall was homogenized at 4°C in 50 mM potassium phosphate buffer (pH = 7.0), 10 mM NaF, 1 mM EDTA, 0.3 M sucrose, 0.3 mM PMSF, and 0.5 mM DTT. Protein concentration of the homogenates was determined using the BioRad Protein Assay (BioRad Laboratories, Hercules, CA). Proteins were separated by 12% SDS-PAGE and transferred to nitrocellulose membranes. Non-specific binding was blocked for 1 h at room temperature using 5% dried milk in Tris-buffered saline (pH 7.4) containing 0.1% Tween-20. Membranes were probed overnight at 4°C with specific primary monoclonal antibodies (Affinity Bioreagents Inc., Golden, CO) to PLN, SERCA2a, and Na/Ca exchanger (NCX). Protein loading was normalized to endogenous GAPDH levels, using a specific primary monoclonal antibody (Abcam Inc., Cambridge, MA). A mouse IgG, horseradish peroxidase-linked whole antibody (GE Healthcare, Buckinghamshire, UK) was used as a secondary antibody and incubation time was 1.5 h at room temperature. The ECL Western blotting detection system (GE Healthcare, Buckinghamshire, UK) was used for detection of the signal and the optical density of the bands was determined by ImageQuant 5.2 software (GE Healthcare, Buckinghamshire, UK).
SR Ca
2+ uptake Ventricular free wall from NTG and TG rabbits was homogenized at 4°C in 50 mM potassium phosphate buffer (pH = 7.0), 10 mM NaF (to inhibit phosphatase activity), 1 mM EDTA (to inhibit protein kinase activity), 0.3 M sucrose, 0.3 mM PMSF, and 0.5 mM DTT. Cardiac homogenates were centrifuged at 2,000 rpm for 5 min to remove connective tissue. Protein concentration of the homogenates was determined by using the BioRad Protein Assay (BioRad Laboratories, Hercules, CA). Oxalate-supported Ca 2+ uptake in cardiac homogenates was measured by a modified Millipore filtration technique using CaCl 2 (Luo et al. 1994) . Briefly, 100-250 lg of homogenate were incubated at 37°C in reaction buffer containing 40 mM imidazole (pH = 7.0), 95 mM KCl, 5 mM NaN 3 , 5 mM MgCl 2 , 0.5 mM EGTA, and 5 mM K 2 C 2 O 4 . The initial uptake rates were determined over a wide range of calcium values (pCa 5-8).
Calcium uptake into cardiomyocytes was initiated by addition of 5 mM ATP, and aliquots were filtered through a 0.45 lm Millipore filter after 0, 30, 60, and 90 s to terminate the reaction. The data were analyzed by nonlinear regression using Origin 6.1 software (OriginLab Corporation, Northampton, MA).
Immunohistochemistry
Paraffin-embedded sections of heart and skeletal muscle were deparaffinized and dehydrated through a standard series of xylene and alcohol washes prior to antigen retrieval. Slides were microwaved in a 0.1 M glycine antigen retrieval solution (pH 3.5) until boiling (approximately 2 min) then kept at a slow boil for 25 min and cooled to 21°C over approximately 30 min. The slides were then rinsed in PBS and incubated in blocking solution (1% BSA, 0.1% cold water fish skin gelatin, 0.1% Tween-20, and 0.005% NaN 3 in PBS), for 1 h at 21°C. 
Transmission electron microscopy
Rabbits were anesthetized and the hearts perfused with cardioplegic buffer (100 mM KCl, 5% dextrose in 1· PBS) by isolating the aorta, suturing it over a needle connected to a peristaltic pump and pumping 6% glutaraldehyde in 0.1 M cacodylate buffer (Electron Microscopy Sciences, Ft. Washington, PA) for 5 min at 8 ml/min. Following perfusion, the heart was dissected and fixed in 3.5% gluteraldehyde/ 0.1 M cacodylate buffer. The heart fragments selected for analysis were cut into 1 mm cubes and fixed for 24 h. The cubes were rinsed in cacodylate buffer 0.1 M (pH 7.6) for 30 min and post-fixed in 2% OsO 4 /cacodylate buffer (Electron Microscopy Sciences, Ft. Washington, PA) for 2 h on ice. The specimens were then dehydrated in a series of acetone washes and embedded in Embed 812 (Electron Microscopy Sciences, Ft. Washington, PA). The embedded samples were cut into ultra-thin sections, counterstained in uranyl acetate and lead citrate (Electron Microscopy Sciences, Ft. Washington, PA) and examined with a Hitachi 7600 transmission electron microscope and digital camera.
Statistical analyses
Data are expressed as mean ± SEM and analyzed using Student's t-test or one-way analysis of variance, where a significant difference was P \ 0.05, following a Tukey's post-hoc adjustment.
Results
Generation and analyses of transgenic rabbits expressing PLN
Considering the therapeutic interest in modulating PLN activity, we wished to understand the physiological effects of enhanced PLN levels. The rabbit b-MyHC promoter faithfully reflects the expression pattern of the endogenous b-MyHC gene (Sanbe et al. 2005) , driving ventricular-and slow-type skeletal muscle-restricted expression in the rabbits. The promoter construct consisted of 6,000 bp of upstream sequence from the transcriptional start site and a unique EcoRI site into which the rabbit PLN transgene sequences were inserted. Downstream of the cloning site, we placed a polyadenylation signaling sequence derived from the human growth hormone gene (Fig. 1a) .
To define the role(s) of PLN expression in the rabbit heart, we generated transgenic (TG) rabbits expressing wild-type PLN (Fig. 1b) . Overexpression of PLN causes increased inhibition of SERCA2 in TG mice (Kadambi et al. 1996) . From a total of 738 pronuclear injections, 11 TG founders were obtained, but surprisingly on the basis of our previous experience with creating PLN TG mice, only one founder was both viable and able to transmit the transgene through the germline, allowing us to establish a single stable TG line (Table 1) . A majority of the rabbits that were initially identified as transgenic on the basis of both PCR and Southern analysis of earclips appeared to be mosaic (n = 7), as each rabbit was subject to at least 3 breeding attempts and [32 offspring from each potential founder rabbit were generated and tested for transgene transmission. All offspring from those 7 rabbits were negative for the transgene, at which point the breeding programs for those animals were terminated because of the apparent lack of the transgene in the eggs or sperm.
Of the remaining 4 unique lines, 3 became too ill to breed or died before reaching breeding age. At 6-7 months of age, when rabbits reach sexual maturity, transgene RNA levels in hearts derived from the viable founder line were elevated only 1.18 fold relative to non-transgenic (NTG) hearts (Fig. 1c, d ). TG PLN expression had no effect on either SERCA2 RNA or protein levels (Fig. 1e, h ). Quantitative immunoblotting of ventricular homogenates revealed 1.34 fold overexpression at the protein level for TG rabbit hearts compared with NTG rabbit hearts (Fig. 1f) . There was no alteration in the relative degree of PLN phosphorylation in the TG hearts (data not shown). Quantitative immunoblotting to determine whether any compensatory changes in SERCA2a levels had occurred showed no differences in SERCA2a levels between the NTG (1.53 ± 0.15 SERCA2a/GAPDH ratio) and TG (1.48 ± 0.10 SERCA2a/GAPDH ratio) hearts (Fig. 1f) . Furthermore, there were no alterations in the sodium-calcium exchanger's protein expression levels (data not shown).
As expected on the basis of endogenous promoter activity (b-MyHC is also the slow skeletal muscle isoform), there was substantial expression of the transgene in slow skeletal fibers and no expression in fast skeletal fibers such as are found in the extensor digitorum longus (EDL) muscle (Fig. 1i, j) .
Founder animals that became visibly ill exhibited symptoms reminiscent of a muscular dystrophy: they were unable to walk without significant effort as they grew older with some large muscles exhibiting severe atrophy. When PLN is expressed in the soleus muscles of mice, only a mild pathology results, characterized by reduced muscle mass and compromised function (Song et al. 2004 ). These effects were much more pronounced in the rabbits, with the overtly ill founder lines exhibiting dramatic muscle wasting and fatty accumulations in the slow-twitch muscle fibers in which the transgenically encoded PLN is expressed. In an effort to assess PLN overexpression, RNA was isolated from the residual soleus muscle from a TG animal that could not breed and was essentially immobile by 6 months of age. The RNA showed a 2.2 fold increase in PLN RNA expression (Fig. 2a ), but this is likely an underestimate of the initial-fold overexpression because of the extensive loss of PLN-expressing fibers. When euthanized for humane reasons, the slow-twitch fibers in Fig. 1 Transgenic modulation of phospholamban in the rabbit heart. (a) Construct design. The rabbit b-myosin heavy chain (b-MyHC) promoter region was used to drive the rabbit phospholamban coding sequence, flanked by a human growth hormone polyadenylation signal (hGH polyA). The exon-intron structure composing the 5 0 -untranslated sequence of b-MyHC is denoted by gray rectangles/line respectively. (b) Amino acid sequence of the wild-type phospholamban construct. (c) Representative RNA dot blots of phospholamban and sarcoplasmic/endoplasmic reticulum Ca 2+ -ATPase (SERCA) expression from two of six different rabbits are shown. Each dot represents an individual rabbit and shows the reproducibility of phospholamban expression within a line. Ventricular RNA isolated from 6-month old rabbits of both genders was probed for phospholamban and sarcoplasmic/endoplasmic reticulum Ca 2+ -ATPase. Duplicate blots were done and the data normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) RNA expression. (d) Total phospholamban levels normalized to glyceraldehyde 3-phosphate dehydrogenase expression (n = 6/genotype). *P \ 0.05 versus non-transgenic (NTG) based Student's t-test. (e) Normalized sarcoplasmic/ endoplasmic reticulum Ca 2+ -ATPase expression was unchanged by phospholamban overexpression. (f) Representative immunoblot of cardiac homogenates isolated from 6-month-old non-transgenic and transgenic rabbit ventricles showing pentameric and monomeric phospholamban separated by SDS-PAGE and probed with specific monoclonal antibodies. Sarcoplasmic/endoplasmic reticulum Ca 2+ -ATPase 2a and glyceraldehyde 3-phosphate dehydrogenase levels were also determined. (g) phospholamban expression in the transgenic rabbit hearts was significantly increased relative to the nontransgenic hearts. Glyceraldehyde 3-phosphate dehydrogenase was used as a loading control. *P \ 0.05 versus nontransgenic. (h) Quantitation of sarcoplasmic/endoplasmic reticulum Ca 2+ -ATPase levels revealed that the expression in the transgenic rabbit hearts was not changed compared to levels seen in non-transgenic rabbit hearts. (i, j) Skeletal muscle expression of phospholamban in the viable transgenic line. Shown are multiple dilutions of protein derived from the indicated muscles. Note the robust expression in the slow type soleus and lack of expression in the extensor EDL fast twitch muscle which transgene expression occurred showed severe wasting and replacement of the muscle with fatty deposits, while muscles that contain both slow and fast fibers, such as the gastrocnemius, were less affected (Fig. 2b) . Viable TG rabbits exhibited no skeletal muscle pathology. Attempts to increase PLN expression by breeding the healthy founder line to homozygosity were unsuccessful with no live births of homozygotes observed despite [10 attempts with different male and female F1s. There are several potential explanations for the failure in generating the homozygotes. First, when TG animals are made homozygous they are susceptible to insertional mutagenic effects. Second, gene expression is not necessarily linear, but is often dependent on chromosomal context. Thus a double dose could have led to more than a doubling of the TG protein level. Taken together, these data highlight the sensitivity of rabbit muscle to PLN modulation.
We then analyzed cardiac histology in the viable and ill TG rabbits. Sections derived from the TG line that expressed low levels of PLN appeared to be, for The number of attempts to generate transgenic phospholamban rabbits versus the number of founders able to transmit the transgene through the germline Fig. 2 Skeletal muscle histology of phospholamban rabbits.
(a) RNA blots from non-transgenic and an ill, transgenic rabbit at 6 months. An effort was made to obtain samples from overtly healthy tissue in order to avoid titrating RNA levels present at a site in which substantial fatty infiltrates were present. Only modest levels of overexpression in both the soleus and gastrocnemius were detected. (b) Skeletal muscle samples were collected from 6-month-old rabbits. No gender differences presented. All sections were stained with Masson's trichrome and images captured at 10· magnification.
An example of an ill F0 animal is also shown. The slowtwitch skeletal muscle in which phospholamban was driven exhibited a dystrophic-like phenotype, as evidenced by the severe muscle wasting in the soleus muscle and, to a lesser extent, in the gastrocnemius, reflecting the mixed fiber-types present in that muscle. This animal had 2.2-fold overexpression of phospholamban at the RNA level in the soleus (data not shown); protein levels were not determined because of the extensive wasting that was present Transgenic Res (2008) 17:157-170 163 the most part, indistinguishable from NTG sections (Fig. 3a) . However, cardiac sections taken from the overtly ill founder, analyzed above (Fig. 2) , showed significant cardiac pathology, with increased interstitial spacing and internal vacuolization (Fig. 3a) . We then carried out a more complete survey of the NTG versus healthy TG hearts and were, in the latter, able to detect widely scattered regions of myocyte dropout, vacuolization and fibrosis (Fig. 3b) . Thus, the muscle pathology present in the skeletal fibers of the overtly ill animal was recapitulated to some extent in the cardiac fibers as well although the wasting was not nearly as severe and, even in the healthy animals, isolated foci of cardiac muscle pathology could be detected. To investigate whether PLN was mis-localized in the TG hearts, we subjected cardiac tissue to immunohistochemical analysis with an anti-PLN antibody. Confocal microscopy revealed that PLN is primarily perinuclear in location, as described previously in porcine muscle (Fig. 4) (de Jonge et al. 2006) . No differences in staining pattern could be distinguished between the NTG and TG hearts and cardiomyocyte ultrastructure also confirmed that TG hearts were indistinguishable from NTG hearts (Fig. 4a, b) . In contrast with these data, sections taken from the overtly ill founder analyzed above showed severe pathology and alterations in the staining pattern of PLN (Fig. 5) . The perinuclear staining apparent in Fig. 4 is absent and the entire intra and inter fiber structure is aberrant as revealed by staining of the intermediate filament, desmin. The slow type soleus skeletal muscle shows significant fiber loss and the normal cellular anatomy of the remaining fibers is perturbed.
Prior experiments in which PLN levels were manipulated in genetically modified mouse hearts showed that profound effects occurred in the b-adrenergic response (Dash et al. 2001b; Luo et al. 1994) . To determine if a rabbit model, in which only small changes in PLN levels were apparently tolerated also showed a differential response, we measured cardiac function during dobutamine infusion. The TG and NTG hearts showed identical responses to increasing dobutamine concentrations (Fig. 6) and Table 2 .
The lack of an overt phenotype in the viable line of TG rabbits might reflect the very low level of PLN expression. To determine if the elevated PLN levels had any effect at the cellular level in terms of Ca 2+ flux, rabbit hearts were assessed by oxalate-supported SR Ca 2+ transport activity in cardiac homogenates at varying Ca 2+ concentrations. The initial rates of SR Ca 2+ transport indicated that PLN overexpression resulted in a significant increase in the EC 50 of SERCA2a for Ca 2+ (0.494 ± 0.011 lM), compared to NTG rabbits (0.346 ± 0.012 lM) (Fig. 7 ). There were no significant differences in the maximal velocity of Ca 2+ uptake between the two groups (NTG: 9.89 ± 0.89 nmol/mg/min; TG: 10.23 ± 1.96 nmol/ Fig. 4 Phospholamban localization and ultrastructural analyses. (a) Whole heart sections from 6-month-old rabbits were stained with phospholamban antibody (green) and counterstained with desmin antibody (red) to identify cardiac myofibers. No genderspecific differences were observed. Cross-sectional and longitudinal views of phospholamban staining show concentrated perinuclear accumulations in both the non-transgenic and transgenic sections. Magnification; 60·. (b) non-transgenic and transgenic hearts appeared to be identical at the ultrastructural level mg/min). These data suggest that overexpression of PLN did result in decreased affinity of SERCA2a for Ca 2+ , consistent with the inhibitory properties of PLN, but this decrease was not manifested by functional changes in global cardiac mechanics or hemodynamics (Fig. 6 ).
Discussion
Although we were able to generate a large number of rabbits that were initially scored as transgenic, only 1 survived to breeding age and demonstrated germline transmission. This is a much lower percentage than we observe with our mouse transgenics, which normally average 70-80% germline transmission with the potential founder lines. The mechanism(s) underlying these differences are unclear although we have noted a much lower incidence of germline transmission in our other rabbit constructs as well, using both innocuous reporters (James et al. 2000) or cDNAs encoding other sarcomeric proteins (Sanbe et al. 2005 ). The mechanistic or technical bases for these differences remain unresolved and these limitations certainly make the experiments more difficult and costly. Practically, they limit the TG rabbit approach to those questions that cannot be effectively asked via murine transgenesis.
Depressed SR Ca 2+ handling (Dash et al. 2001a; Hasenfuss 1998) , reduced SERCA activity and elevated PLN:SERCA2 ratios are often observed in human heart failure and there has been considerable interest in targeting PLN for therapeutic intervention. However many of the most persuasive data substantiating the use of PLN as a therapeutic target come from murine-based gain and loss of function studies and disparities in PLN-based regulation between the two species are significant (Haghighi et al. 2003; Hoit et al. 1995; Luo et al. 1994) . Thus, the TG rabbit is the more appropriate model, compared to mouse, to study the effects of PLN manipulation. Our data report the first non-murine TG model to overexpress PLN in heart and slow-twitch skeletal muscle. Because the rabbit heart more closely reflects human cardiac function, it therefore poses a more relevant model for testing the therapeutic efficacy and consequences of manipulating PLN activity.
We initially hypothesized that rabbits and humans might be less sensitive to alterations in PLN expression and phosphorylation, due to the decreased reliance on SERCA and increased dependence on the sodium-calcium exchanger for Ca 2+ sequestration in larger mammalian hearts (Bers 2002b ). This does not appear to be the case and the rabbits are surprisingly sensitive to modulation of PLN levels. That is, all founders except one with very low levels Fig. 6 Cardiac function. Serial echocardiograms were performed on 6-month-old non-transgenic and transgenic rabbits from both genders (n = 8-14/ genotype) exposed to increasing doses of dobutamine. (a) Percent fractional shortening (% FS) showed no differences at baseline or in response to increasing levels of dobutamine. (b) VCFc was not different between transgenic and nontransgenic hearts. (c, d) Cardiac catheterization also showed no differences between the transgenic and non-transgenic hearts of TG PLN expression were not able to be maintained and propagated into lines. Founders expressing levels of PLN that might be considered modest in the mouse (e.g., 2.2-fold overexpression) developed severe skeletal muscle wasting in the rabbit and exhibited noticeable cardiac pathology. Interestingly, in C. elegans, loss of function studies showed that SERCA was required for muscle development and function (Zwaal et al. 2001 ) and loss of a single copy of SERCA2 in mouse hearts decreased SR Ca 2+ uptake by 35% and impaired both contraction and relaxation (Periasamy et al. 1999) . The limited TG expression and skeletal muscle effects are PLN-specific, as these phenotypes were not observed in previously generated TG rabbits using the same promoter (Sanbe et al. 2005) . Thus, our observation of severe skeletal muscle wasting and inability to generate rabbits with higher levels of PLN expression may reflect a role for PLN in skeletal muscle development and function.
In mice, 2-fold cardiac overexpression of wildtype PLN had no effect on whole organ function, but resulted in depressed contractility and relaxation in isolated cardiomyocytes (Kadambi et al. 1996) , which could be overcome by b-agonist stimulation. TG mice with 4-fold PLN overexpression exhibited increased inhibition of SERCA2 and elevated PLN phosphorylation (Dash et al. 2001b) . Therefore, we predicted that TG rabbit hearts would have impaired cardiac function. Cardiac histology from a founder that showed 2.2-fold overexpression was clearly abnormal and we were unable to obtain functional measurements from the ill rabbits because of their sensitivity to anesthesia. The lack of hemodynamic alterations is consistent with lower levels of overexpression, as observed in TG mice. We believe these data underscore a very narrow window for increasing PLN activity in the rabbit cardiomyocyte and/or slow type skeletal muscle.
Relative to the rodent, the soleus muscles of rabbits and pigs contain significantly higher levels of PLN, along with reduced levels of SERCA ( Vangheluwe et al. 2005) , while PLN levels are very low to non-existent in rodent skeletal muscle but are easily detectable in rabbits and are present at even higher levels in human muscle (Damiani et al. 2000) . The soleus muscles of rabbits and humans contain significantly higher levels of PLN, along with reduced levels of SERCA (Vangheluwe et al. 2005 ), compared to the very low to non-existent PLN levels in rodent skeletal muscles (Damiani et al. 2000) . PLN functions to inhibit the Ca 2+ affinity of the SERCA pump (MacLennan et al. 2003) and its inhibitory effects are associated with disruption of PLN pentamers into monomers (Asahi et al. 2002) . Thus, in both the rabbit and human, elevated levels of PLN coupled with reduced SERCA levels would result in an elevated PLN:SERCA ratio and superinhibition of SERCA, which might trigger a program of muscle wasting.
The marked differences in the mice versus rabbits that overexpress PLN highlight the importance of carrying out at least a subset of TG studies in higher organisms whose organ systems more closely resemble that of the human. We think that the rabbit model with slightly elevated levels of PLN in the heart and slow type skeletal muscle will be a useful complement for the mouse models for testing the effects of elevated PLN activity in the heart during both pharmacological and/or physical manipulations that, by themselves, affect cardiovascular function. As manipulation of PLN is being actively pursued as a therapeutic target in cardiovascular disease and heart failure, it will be important to test our animals' responses to the cardiovascular abnormalities Fig. 7 Measurements of calcium flux. Sarcoplasmic reticulum calcium (SR Ca 2+ ) uptakes were measured from homogenates isolated from 6-month-old non-transgenic and transgenic rabbit left ventricles. Sarcoplasmic reticulum calcium uptake in nontransgenic (squares, n = 3) and transgenic (circles, n = 3) hearts. Maximal velocity of Ca 2+ uptake did not differ between transgenic and non-transgenic samples (10.23 ± 1.96 and 9.89 ± 0.89 nmol/mg/min, respectively). Inset represents EC 50 (lM) of sarcoplasmic reticulum calcium uptake. Data were analyzed by nonlinear regression with Microcal Origin software (version 6.1) resulting from by surgically induced pressure overload or chronic treatment with carvedilol or other b-blockers (Metra et al. 2002) . The results of PLN manipulation in conjunction with commonly used therapeutic regimens for heart disease should be of value in the rabbit model.
